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Superconductivity	 often	 emerges	 in	 proximity	 of	 other	 symmetry-breaking	
ground	 states,	 such	 as	 antiferromagnetism	 or	 charge-density-wave	 (CDW)	
order.	 However,	 the	 subtle	 inter-relation	 of	 these	 phases	 remains	 poorly	
understood,	and	in	some	cases	even	the	existence	of	short-range	correlations	
for	 superconducting	 compositions	 is	 uncertain.	 In	 such	 circumstances,	
ultrafast	 experiments	 can	 provide	 new	 insights,	 by	 tracking	 the	 relaxation	
kinetics	 following	 excitation	 at	 frequencies	 related	 to	 the	 broken	 symmetry	
state.	Here,	 we	 investigate	 the	 transient	 terahertz	 conductivity	 of	
BaPb1−xBixO3	-	 a	 material	 for	 which	 superconductivity	 is	 ‘adjacent’	 to	 a	
competing	CDW	phase	-	after	optical	excitation	tuned	to	the	CDW	absorption	
band.	 In	 insulating	 BaBiO3	 we	 observed	 an	 increase	 in	 conductivity	 and	 a	
subsequent	 relaxation,	 which	 are	 consistent	 with	 quasiparticles	 injection	
across	 a	 rigid	 semiconducting	 gap.	 In	 the	 doped	 compound	 BaPb0.72Bi0.28O3	
(superconducting	 below	 TC	 =	 7	 K),	 a	 similar	 response	 was	 also	 found	
immediately	 above	 TC.	 This	 observation	 evidences	 the	 presence	 of	 a	 robust	
gap	 up	 to	 T	≃	40	 K,	 which	 is	 presumably	 associated	 with	 short-range	 CDW	
correlations.	 A	 qualitatively	 different	 behaviour	 was	 observed	 in	 the	 same	
material	 for	𝐓 ≳	40	 K.	 Here,	 the	 photo-conductivity	 was	 dominated	 by	 an	
enhancement	in	carrier	mobility	at	constant	density,	suggestive	of	melting	of	
the	 CDW	 correlations	 rather	 than	 excitation	 across	 an	 optical	 gap.	 The	
relaxation	 displayed	 a	 temperature	 dependent,	 Arrhenius-like	 kinetics,	
suggestive	of	the	crossing	of	a	free-energy	barrier	between	two	phases.	These	
results	 support	 the	 existence	 of	 short-range	 CDW	 correlations	 above	 TC	 in	
underdoped	 BaPb1−xBixO3,	 and	 provide	 new	 information	 on	 the	 dynamical	
interplay	between	superconductivity	and	charge	order.		
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The	 interplay	between	superconductivity	and	other	broken	symmetry	ground	states	has	emerged	as	a	central	theme	in	the	physics	of	high-TC	superconductors.	For	the	Fe-based	superconductors,	 the	presence	of	phase	 transitions	 to	 states	 characterized	by	broken	 rotational	 symmetry	 and	 stripe-like	magnetic	 order	was	 established	 shortly	after	 the	 initial	 discovery	 of	 superconductivity,	 though	 the	 relative	 role	 played	 by	associated	nematic	 and	magnetic	 fluctuations	with	 respect	 to	 the	 superconductivity	remains	 an	 open	 question1.	 For	 the	 cuprates,	 although	 stripe	 order	was	 recognized	many	years	ago	 in	several	materials	 for	doping	close	 to	1/82,,	 the	existence	of	more	subtle	 CDW	 order	 in	 other	 materials	 has	 only	 recently	 been	 established3,4,5,6.	 The	inter-relation	 of	 these	 phases	 with	 superconductivity	 –	 whether	 they	 compete,	coexist,	or	even	whether	associated	fluctuations	promote	high	critical	temperatures	–	is	 an	 open	 question.	 These	 issues	 are	 not	 restricted	 to	 just	 Fe-based	 and	 cuprate	superconductors,	 and	 important	 insights	 to	 the	 interplay	 of	 superconductivity	 and	charge	order	can	be	found	in	other	systems.		Although	 pressure7	and	magnetic	 fields8	have	 long	 been	 used	 to	 affect	 the	 interplay	between	various	broken	symmetry	states	and	superconductivity	at	low	temperatures,	only	recently	it	has	been	shown	that	ultrashort	optical	pulses	can	achieve	qualitatively	similar	 effects	 over	 larger	 temperature	 ranges9.	 For	 example,	 coherent	 interlayer	coupling	could	be	induced	in	La1.8−xEu0.2SrxCuO410,11	and	La2−xBaxCuO412,13,14	by	optical	melting	 of	 the	 stripe	 order15.	 In	 addition,	 optical	 excitation	 of	 apical	 oxygen	distortions	 in	 YBa2Cu3O6+x	was	 shown	 to	 induce	 a	 transient	 state	 far	 above	TC	with	important	 similarities	 to	 the	 equilibrium	 superconductor16,17,18.	 This	 state	 is	 also	characterized	by	a	partial	removal	of	CDW	correlations19.			
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Here	we	set	out	 to	explore	 the	optical	 control	of	CDW	states	 in	a	different	 family	of	materials,	which	have	been	dubbed	“the	other	high-temperature	superconductors”20:	those	based	on	doped	BaBiO321,22,23.		The	 bismuthates	 BaPb1−xBixO3	 (BPBO)	 and	 Ba1−xKxBiO3	 (BKBO)	 are	 examples	 of	materials	 for	 which	 superconductivity	 is	 ‘adjacent’	 to	 a	 competing	 charge	 ordered	phase24,25.	 The	 ‘parent’	 compound	 BaBiO3	 is	 insulating,	 comprising	 two	 distinct	 Bi	sites	to	which	formal	valences	can	be	assigned	corresponding	to	3+	and	5+.	The	static	charge	 disproportionation	 (a	 so-called	 charge-disproportionated	 CDW	 state)26	is	associated	with	a	 frozen	breathing	distortion	of	the	Bi-O	octahedra,	accompanied	by	subtle	rigid	rotations27	(see	crystal	structure	in	the	inset	of	Fig.1A).		When	Ba	is	substituted	with	K27,	or	Bi	is	substituted	with	Pb28,	the	long-range	charge	order	 is	 rapidly	 lost,	 although	 these	 doped	 samples	 remain	 non-metallic	 up	 to	relatively	high	doping	 levels.	 Indeed,	 the	 long	 range	CDW	that	 causes	 the	 insulating	behavior	in	BaBiO3,	as	well	as	the	associated	structural	distortion,	seem	to	persist	on	short	 length	 scales	 at	 intermediate	 concentrations,	 as	 inferred	 from	 Raman	spectroscopy29	and	EXAFS	measurements30.	Doping	with	larger	concentrations	of	Pb	and	K	eventually	leads	to	superconductivity,	with	maximum	 transition	 temperatures	 of	 11	K	 in	BPBO	 and	34	K	 in	BKBO;	 values	that	 are	 surprisingly	 high	 for	 such	 bad	 metallic	 oxides.	 Here,	 superconductivity	 is	manifestly	not	due	to	spin	fluctuations	(none	of	the	constituents	show	any	tendency	towards	magnetism)	and	is	more	likely	to	arise	from	electron-phonon	interactions.		Although	 the	 standard	 BCS	 theory	 applied	 to	 early	 determinations	 of	 the	 band	structure	 failed	 to	 explain	 the	 relatively	 high	 TC	 values31,	 recent	 calculations	 using	more	advanced	functionals	indicate	that	electron-phonon	coupling	in	these	materials	is	 significantly	 enhanced	 by	 dynamic	 correlation	 effects32.	 While	 these	 calculations	
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indicate	 that	 electron	 correlation	 effects	 should	 be	 included	 in	 order	 to	 accurately	describe	 the	electronic	structure	of	 the	bismuthates,	 they	are	nevertheless	based	on	the	presumption	of	a	homogeneous	material,	and	neglect	effects	associated	with	short	range	 electronic	 phase	 separation	 and/or	 fluctuations,	 leaving	 open	 questions	associated	with	the	role,	if	any,	that	competing	CDW	phases	might	play	in	determining	the	observed	high	critical	temperatures.		The	 situation	 is	 further	 complicated	 by	 the	 presence	 of	 structural	 dimorphism	 in	BPBO	 for	 superconducting	 compositions33,34.	 Such	 dimorphism	 is	 the	 result	 of	thermodynamic	 equilibrium	 between	 two	 structural	 phases	 (tetragonal	 and	orthorhombic),	which	are	separated	on	a	nanoscale.	Importantly,	the	superconducting	volume	fraction	has	been	found	to	scale	with	the	relative	proportion	of	the	tetragonal	phase,	suggesting	that	only	the	tetragonal	polymorph	harbours	superconductivity33.	It	is	 unclear	what	 role	 this	 dimorphism	might	 play	 in	 determining	 TC	 of	 the	 resulting	matrix	of	interpenetrating	polymorphs34.	However,	tunnelling	measurements	showed	significant	 suppression	 of	 TC	 due	 to	 disorder35,	which	 implies	 that	 higher	 TC	 values	might	 be	 obtained	 if	 disorder	 associated	 with	 structural	 dimorphism	 and	 chemical	substitution	could	be	somehow	mitigated.		Ultrafast	optical	techniques	provide	a	powerful	new	approach	to	understand	and	tune	the	 bismuthate	 superconductors.	 Here,	 we	 take	 a	 first	 step	 in	 this	 direction,	 using	pump-probe	 spectroscopy	 to	 uncover	 evidence	 for	 weak	 short-range	 CDW	correlations	with	anomalous	relaxation	kinetics	immediately	above	TC	in	underdoped	BPBO.		We	 studied	 the	 terahertz-frequency	 (THz)	 photo-conductivity	 of	 the	 CDW	 insulator	BaBiO3,	as	well	as	of	three	superconducting	compounds:	x	=	0.28	(TC	=	7	K),	xopt	=	0.25	(TC	=	11	K),	and	x	=	0.20	(TC	=	7	K)	(see	phase	diagram	in	Fig.	1A),	after	femtosecond-
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pulse	optical	excitation	tuned	to	the	CDW	absorption	band.	The	single	crystals	were	grown	 by	 slowly	 cooling	 a	 solution	 of	 BaCO3,	 PbO,	 and	 Bi2O3.	 The	 bismuth	concentration	 was	 determined	 by	 electron	 microprobe	 measurements,	 revealing	 a	homogeneous	composition	(with	an	uncertainty	of	±0.02)	within	a	sample	as	well	as	for	 different	 samples	 from	 the	 same	 batch36.	 The	 structural	 dimorphism	 was	previously	 characterized	 for	 samples	 grown	 under	 similar	 conditions34.	 For	 the	compositions	studied	here,	this	dimorphism	is	established	at	very	high	temperatures,	well	 above	 room	 temperature,	 providing	 a	 rigid	 framework	 in	 which	 CDW	correlations	and	superconductivity	evolve	at	much	lower	temperatures.	The	equilibrium	optical	response	of	the	compounds	studied	here	was	determined	as	a	function	 of	 temperature	 with	 a	 Fourier	 Transform	 Infrared	 Spectrometer	 (Bruker	Vertex	 88v).	 The	 absolute	 reflectivity	 was	 measured	 in	 quasi-normal-incidence	geometry	 in	 the	~1	–	150	THz	range	with	 the	gold	evaporation	 technique.	By	using	literature	 data37,38	for	 the	 higher	 frequency	 range,	we	 could	 then	perform	Kramers-Kronig	transformations	and	retrieve	the	complex	optical	conductivity.		Representative	spectra	of	the	material	at	equilibrium	are	displayed	in	Fig.	1B.	These	are	in	very	good	agreement	with	previous	experiments37,38,	and	show	a	fully	gapped	CDW	insulator	BaBiO3,	with	at	least	four	infrared-active	phonon	modes	well	visible	in	the	3	–	15	THz	 range.	The	 first	 electronic	absorption	 (i.e.,	 the	CDW	band,	 shaded	 in	blue)	starts	 to	appear	around	50	THz	and	peaks	at	~350	THz	(corresponding	to	1.5	eV).	Upon	substitution	of	Bi	with	Pb,	a	narrow39	Drude	peak	appeared	below	~20	THz	(green	curve	in	Fig.	1B).	At	least	in	the	x	=0.28	sample,	an	absorption	band	centered	around	 50	 THz	 (shaded	 in	 green),	 reminiscent	 of	 the	 CDW	 band,	 was	 still	 clearly	visible.	This	observation	indicates	that	CDW	correlations	may	still	be	present	 locally	at	this	doping	level.	We	return	to	provide	further	evidence	for	this	shortly,	when	we	
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consider	 the	 transient	 response.	 When	 cooling	 below	 TC,	 a	 conductivity	 gap	 is	expected	to	open	below	~1	THz40.	We	do	not	discuss	these	features	here,	and	we	will	be	focusing	only	on	the	normal-state	response.		
	
Figure	1.	(A)	Schematic	temperature-doping	phase	diagram	of	BaPb1-xBixO3,	as	determined	in	Ref.	45.	The	CDW	and	superconducting	phases	are	shaded	in	blue	and	red,	respectively.	The	Bi	concentrations	 of	 the	 doped	 samples	 investigated	 in	 the	 present	 work,	 as	 well	 as	 their	corresponding	Tc’s,	 are	highlighted	 in	 red.	The	 crystal	 structure	of	BaBiO3	 is	 also	displayed,	comprising	 two	distinct	 Bi	 sites,	 surrounded	 by	 oxygen	 octahedra	with	 different	Bi-O	 bond	lengths	(shown	in	yellow	and	violet,	while	green	circles	are	Ba	ions).	(B)	Equilibrium	optical	conductivity	 of	 BaBiO3	 and	 BaPb0.72Bi0.28O3	 measured	 at	 T	 =	 15	 K.	 The	 CDW	 band	 is	highlighted	in	both	spectra.	Due	to	the	quasi-cubic	crystal	structure	of	BPBO,	no	polarization	dependence	was	found	in	any	data	reported	in	this	paper.	
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In	a	series	of	pump	probe	experiments,	each	crystal	was	photo-excited	with	 intense	~100-250	 fs	 long	 laser	pulses,	whose	 frequency	was	 tuned	 to	be	 resonant	with	 the	CDW	band	(~375	THz	in	BaBiO3,	~60	THz	in	the	doped	compounds,	see	Fig.	2).	These	pulses	were	generated	either	directly	by	a	Ti:Sa	amplifier	(800	nm	~	375	THz)	or	by	converting	 the	output	of	 the	 laser	 to	 longer	wavelengths	with	an	optical	parametric	amplifier	(5	μm	~	60	THz).	They	were	then	focused	to	a	~2	mm	spot	onto	the	sample	surface,	at	a	 fluence	of	~3.5	mJ/cm2.	At	 these	 fluences,	 the	excitation	density	across	the	CDW	gap	is	of	the	order	of	1021	carriers/cm3.	The	 transient	 photo-conductivity	 was	 then	 probed	 with	 delayed,	 quasi-single-cycle	THz	 pulses,	which	were	 generated	 from	 a	 photo-conductive	 antenna	 and	measured	after	 reflection	 by	 electro-optic	 sampling	 in	 a	 ZnTe	 crystal.	 These	 measurements	provided	 time	 and	 frequency	 dependent	 measurement	 of	 the	 complex	 optical	properties	between	0.5	–	2.5	THz17,18.		The	pump-induced	changes	 in	 the	amplitude	and	phase	of	 the	reflected	THz	electric	field	were	measured	for	each	sample	at	different	pump-probe	delays,	τ.	These	“raw”	reflectivity	 changes	 were	 only	 1-3%	 percent,	 due	 to	 the	 pump-probe	 penetration	depth	mismatch.	At	THz	frequencies,	the	probe	interrogates	a	volume	that	is	between	5	 and	 1000	 times	 larger	 than	 the	 region	 beneath	 the	 surface	 transformed	 by	 the	pump,	with	this	mismatch	being	a	function	of	frequency.	Hence,	the	optical	response	induced	by	the	pump	pulse	appeared	smaller	than	what	would	have	resulted	from	a	homogenously	excited	sample.	This	mismatch	was	taken	into	account	by	modeling	the	response	of	the	system	as	that	of	a	photo-excited	thin	layer	on	top	of	an	unperturbed	bulk	(which	retains	the	optical	properties	of	the	sample	at	equilibrium).	By	calculating	the	 coupled	 Fresnel	 equations	 of	 a	 multi-layer	 structure41,	 the	 transient	 optical	
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response	(reflectivity,	complex	optical	conductivity)	of	 the	photo-excited	 layer	could	be	derived16,17,18.	In	 figure	2	we	show	representative	complex	conductivities	of	 three	different	sample	measured	 at	 T	 =	 15	 K	 at	 equilibrium	 and	 after	 photo-excitation,	 at	 the	 peak	 of	 the	pump-induced	response	(τ	=	1	ps).		Resonant	 excitation	 at	 the	 CDW	 band	 in	 insulating	 BaBiO3	 (Fig.	 2A)	 resulted	 in	 a	prompt	 and	 complete	 filling	 of	 the	 conductivity	 gap,	 indicative	 of	 the	 generation	 of	free	 carriers.	 Correspondingly,	 the	 quasi-DC	 conductivity	 reached	 values	 as	 high	 as	~100	Ω-1cm-1.	
	
Figure	2.	Real	and	imaginary	part	of	the	complex	conductivity	of	BaBiO3	(A),	BaPb0.72Bi0.28O3	(B),	 and	 BaPb0.8Bi0.2O3	 (C),	 at	 equilibrium	 (grey)	 and	 at	 τ	 =	 1	 ps	 after	 photo-excitation	(colored),	 measured	 at	 T	 =	 15	 K.	 Steady-state	 spectra	 are	 displayed	 throughout	 the	 whole	infrared	spectral	region,	while	pump-induced	changes	(color	shaded)	were	determined	only	for	ω	≲	2.5	THz.	The	pump	spectrum,	tuned	either	to	~375	THz	(A)	or	to	~60	THz	(B,	C)	to	be	resonant	with	 the	CDW	band,	 is	 also	displayed	 in	 red	 in	 the	 top	panels.	 All	 data	 have	been	taken	 with	 a	 pump	 fluence	 of	 ~3.5	 mJ/cm2.	 In	 analogy	 with	 BaPb0.8Bi0.2O3	 (C),	 also	 the	optimally-doped	compound,	BaPb0.75Bi0.25O3,	displayed	no	pump-induced	response	for	any	T	>	TC	(see	inset	with	pump-induced	conductivity	changes).			
1000
500
0
σ
1 (
Ω
-1
cm
-1
)
x = 1.00
-500
0
500
σ
2 (
Ω
-1
cm
-1
)
1 10 100
Frequency (THz)
x = 0.28 x = 0.20
1 10 100 1 10 100
1000
10000
10000
1000
100
100
10
5
0∆σ
1 (
10
3 Ω
-1
cm
-1
)
1.51.00.5
Freq. (THz)
0.28
0.25
0.20
A B C
9	
	
In	 a	 similar	 fashion,	 the	 x	 =	 0.28	 sample,	 belonging	 to	 the	 “insulating”	 side	 of	 the	superconducting	dome,	displayed	a	dramatic	pump-induced	conductivity	change	after	photo-stimulation	(Fig.	2B).	Here	the	Drude	peak	was	already	present	at	equilibrium	and	experienced	an	enhancement	of	a	factor	of	~3	upon	excitation.	On	the	other	hand,	both	the	xopt	=	0.25	and	x	=	0.20	(Fig.	2C)	compounds	yielded	no	measurable	signal	at	all	temperatures	T	>	TC.	Hence,	photo-conductivity	could	only	be	observed	for	compositions	for	which	there	is	evidence	for	CDW	correlations	(at	least	on	short	range)42,43.	This	may	be	interpreted	in	two	ways,	either	as	the	result	of	charge	excitations	across	a	rigid,	semiconducting	gap	or	as	a	result	of	(partial)	melting	of	CDW	order.	In	the	following	analysis,	we	show	that	both	of	these	effects	are	at	play,	though	in	different	temperature	regimes.	In	 figure	 3	we	 analyze	 the	 dynamical	 evolution	 of	 the	 photo-conductivity	 of	BaBiO3	and	BaPb0.72Bi0.28O3	for	different	temperatures.	This	photo-conductivity	is	quantified	either	 by	 the	 integrated	 spectral	 weight	 gain	 (right	 scale)	 or	 by	 the	 normalized	reflectivity	changes	(left	scale).	Both	these	data	analyses	show	very	similar	behavior.	For	 both	 materials,	 we	 found	 a	 prompt	 increase	 of	 the	 signal,	 which	 reaches	 its	maximum	value	at	τ	≃	1	ps.	At	longer	time	delays,	a	relaxation	dynamics	over	several	picoseconds	 was	 observed,	 characterized	 by	 a	 double-exponential	 decay	 (fits	 are	shown	as	black	lines).		The	 relaxation	 time	constants,	 τ1	 and	τ2,	 extracted	 from	 the	double	exponential	 fits,	are	displayed	 in	 the	 lower	panels	as	a	 function	of	 temperature.	The	reported	values	(τ1~0.5	 ps	 and	 τ2~10	 ps)	 are	 consistent	 with	 previous	 experiments	 on	 CDW	materials44.		
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Figure	3.	Normalized	pump-induced	changes	in	the	reflected	electric	 field,	ΔE/E0,	measured	in	BaBiO3	(A)	and	BaPb0.72Bi0.28O3	(B)	for	different	temperatures,	as	a	function	of	pump-probe	delay	 τ.	 The	 optical	 conductivity	 changes,	 integrated	 in	 the	 0.5	 –	 2	 THz	 range	 (right	 scale,	shown	only	at	the	lowest	temperature),	follow	the	same	time	evolution	as	ΔE/E0.	In	(C,	D)	the	relaxation	 time	 constants	 τ1	 and	 τ2	 are	 shown,	 as	 extracted	 from	 the	 curves	 in	 (A,	B)	with	double	exponential	fits	(black	lines).	While	data	in	(C)	are	temperature	independent,	those	in	(D)	show	a	thermally-activated	behavior	for	T	≳	40	K	(red	shaded	region).	Data	in	(C)	were	taken	 with	 the	 same	 pump	 spectrum	 and	 fluence	 as	 in	 Fig.	 2.	 Those	 in	 (D)	 were	 partly	acquired	 under	 the	 same	 conditions	 of	 Fig.	 2	 (grey	 symbols),	 partly	 with	 a	 detuned	 pump	spectrum	(centered	at	~25	THz),	at	a	fluence	of	~1	mJ/cm2	(green	symbols).		
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Importantly,	 the	 relaxation	 dynamics	 in	 BaBiO3	 (Fig.	 3C)	 is	 almost	 independent	 on	temperature,	 which	 at	 first	 glance	 suggests	 that	 the	 photo-conductivity	 is	 likely	 to	result	from	interband	excitations.			On	the	contrary,	in	BaPb0.72Bi0.28O3	(Fig.	3D)	two	well-defined	relaxation	regimes	are	found.	Below	T	≃	40	K,	similar	to	BaBiO3,	no	temperature	dependence	was	observed	for	the	relaxation	rate.	Above	T	≃	40	K,	both	relaxation	time	constants	showed	instead	an	 exponential	 dependence	 on	 temperature,	 reminiscent	 of	 the	 expected	 kinetic	behavior	 for	 a	 first	 order	 phase	 transition	 between	 two	 distinct	 thermodynamic	phases	 separated	 by	 a	 free	 energy	 barrier11.	 This	 is	 quantitatively	 captured	 by	 the	slope	 of	 the	 Arrhenius	 logarithmic	 plot	 in	 Fig.	 3D,	 which	 reflects	 an	 activated	relaxation	of	the	type	exp(−Ebarrier/kBT),	with	Ebarrier	≃	3.5	meV.	Finally,	the	size	of	the	photo-conductivity	reduced	continuously	with	 temperature,	displaying	a	 finite	value	up	to	room	temperature.	The	 same	 experiment	 was	 repeated	 on	 the	 x	=	 0.28	 compound	 after	 detuning	 the	pump	spectrum	from	the	center	of	the	CDW	band	(~25	THz)	and	reducing	the	fluence	down	to	~1	mJ/cm2	(Fig.	3d).	Although	the	size	of	the	photo-conductivity	and	the	τ1	and	τ2	values	differed	from	those	measured	on	resonance,	a	very	similar	two-regime	behavior	could	be	 identified	 in	 the	 temperature	dependence	of	both	relaxation	 time	constants.	Remarkably,	also	in	this	case	an	activated	relaxation	with	Ebarrier	≃	3.5	meV	was	 found	 above	 T	 ≃	 40	 K,	 suggesting	 that	 these	 energy	 scales	 and	 temperature	dependence	of	the	relaxation	rate	may	be	intrinsic	to	the	CDW	physics	of	this	material,	rather	 than	 dependent	 on	 the	 amount	 of	 energy	 deposited	 into	 the	 sample	 by	 the	laser.	In	 figure	 4	 we	 report	 a	 more	 detailed	 analysis	 of	 the	 frequency-	 and	 time-delay-dependent	optical	conductivity	of	both	photo-susceptible	compounds.	We	performed	
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Drude-Lorentz	 fits	on	all	data,	 in	which	 the	high-frequency	Lorentz	oscillators	were	always	 kept	 fixed	 throughout	 the	 dynamics,	while	 only	 the	Drude	parameters	were	allowed	to	vary.		In	BaBiO3	(Fig.	4A),	the	measured	photo-conductivity	could	be	well	fitted	by	assuming	a	light-induced	increase	in	the	carrier	plasma	frequency	at	constant	scattering	rate.			
		
Figure	4.		Real	part	of	the	optical	conductivity	of	BaBiO3	at	T	=	15	K	(A),	BaPb0.72Bi0.28O3	at	T	=	15	K	 (B),	 and	BaPb0.72Bi0.28O3	 at	T	=	100	K	 (C),	measured	 at	 equilibrium	 (light	 grey)	 and	 at	different	 time	delays	τ	after	photo-excitation	 (colored	and	dark	grey).	Drude-Lorentz	 fits	 to	the	data	are	shown	as	black	lines.	Note	that	a	single	set	of	Drude	parameters	is	sufficient	to	fit	all	spectra,	 including	those	BaPb0.72Bi0.28O3,	 for	which	different	electronic	phases	coexist	 in	a	dimorphic	structure.	The	extracted	time-dependent	Drude	parameters	(plasma	frequency,	ωp,	and	scattering	rate,	Γ)	are	reported	in	the	lower	panels.	All	data	have	been	taken	with	a	pump	fluence	of	~3.5	mJ/cm2.		
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This	 observation	 is	 once	 again	 consistent	 with	 the	 response	 of	 a	 semiconductor	 in	which	 photo-carriers	 are	 injected	 across	 the	 gap.	 Similarly,	 in	 the	 temperature	independent	 regime	of	photo-conducting	BaPb0.72Bi0.28O3	 (T	=	10	K,	 see	Fig.	4B)	 the	enhanced	 conductivity	 could	 be	well	 fitted	 by	 an	 increase	 in	 the	 plasma	 frequency	alone.	One	may	rationalize	these	observations	by	assuming	that	both	in	the	undoped	material	and	in	low-temperature	BaPb0.72Bi0.28O3	the	CDW	gap	is	robust	and	hence	is	not	perturbed	by	the	photo-excitation.		On	the	other	hand,	in	the	high-temperature	regime	of	BaPb0.72Bi0.28O3	(T	=	100	K,	see	Fig.	 4C)	 the	 data	 can	 only	 be	 fitted	 by	 considering	 a	 time	 independent	 plasma	frequency	(carrier	density),	and	rather	by	assuming	a	light-induced	decrease	of	carrier	scattering	 rate	 (corresponding	 to	 an	 increase	 in	 carrier	mobility).	 This	 effect,	 taken	together	with	the	anomalous	Arrhenius-like	kinetic	behavior	(Fig.	3D),	suggests	 that	photo-conductivity	may	 involve	 the	melting	of	CDW	correlations,	which	 then	would	recover	through	nucleation	and	growth.	A	3.5-meV	activation	barrier	can	be	extracted	from	the	Arrhenius	fit	of	figure	3.		Based	on	the	 findings	reported	above,	 it	appears	 that	 for	 the	x	=	0.28	“underdoped”	composition,	for	temperatures	immediately	above	TC	and	up	to	T	≃	40	K,	the	material	is	characterized	by	the	presence	of	a	robust	gap,	which,	in	the	absence	of	long	range	CDW	order	must	be	associated	with	short	range	CDW	correlations.	It	 is	unclear	how	much	 of	 the	material	 (in	 real	 space)	 or	 the	 Fermi	 surface	 (in	momentum	 space)	 is	associated	 with	 this	 gap*.	 However,	 such	 a	 CDW	 gap	 is	 likely	 to	 compete	 with	
                                                *	The	volume	of	material	 that	 is	 transiently	excited	by	 the	pump	pulse	 is	 significantly	 larger	 than	 the	characteristic	 length	 scales	 of	 the	 nanoscale	 structural	 phase	 separation34,	 and	 consequently	 both	polymorphs	are	excited	and	would	contribute	to	the	measured	transient	response.	Remarkably,	we	can	analyse	the	data	of	Fig.	4	using	a	Drude-Lorentz	model	with	only	one	set	of	Drude	parameters,	implying	either	 that	 CDW	 correlations	 derive	 from	 just	 one	 polymorph	 (in	which	 case	 an	 incomplete	 volume	coverage	of	the	photo-active	regions	would	simply	affect	the	amplitude	of	the	local	photo-conductivity)	or	that	similar	CDW	correlations,	characterized	by	similar	parameters,	are	present	in	both	polymorphs.	
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superconductivity,	and	hence	potentially	contributes	to	the	suppression	of	TC	down	to	11	K,	compared	to	the	higher	values	measured	in	the	related	compound	BKBO	(34	K).	The	nanoscale	structural	dimorphism	reported	 in	Ref.	34	provides	a	possible	means	to	understand	spatial	phase	separation	of	CDW	and	superconducting	order,	with	the	former	being	located	in	the	lower	symmetry	(orthorhombic)	regions	and	the	latter	in	the	 high	 symmetry	 ones	 (tetragonal).	 Such	 a	 scenario	 would	 explain	 the	 apparent	granular	nature	of	superconductivity	in	BPBO	for	underdoped	compositions34,	and	the	associated	superconductor-insulator	transition	observed	in	these	materials45.		Interestingly,	our	experiments	on	BaPb0.72Bi0.28O3	 reveal	a	 temperature	boundary	of	
~40	 K,	 which	 is	 close	 to	 the	 maximum	 superconducting	 transition	 temperature	 of	potassium-doped	bismuthate,	as	well	as	to	the	disorder-free	TC	estimated	for	BPBO	in	Ref.	 35.	 In	 addition,	 the	 same	 energy	 scale	 (3.5	meV	≃	 40	 K)	 is	 also	 found	 here	 to	govern	the	relaxation	kinetics	of	the	photo-conductivity	of	the	28%-doped	compound	at	high	temperatures.	We	 speculate	 that	 for	 T	≳	40	 K,	 where	 the	 photo-conductivity	 is	 dominated	 by	changes	in	mobility,	a	“soft”	CDW	gap	may	be	readily	melted	by	the	photo-excitation,	presumably	 generating	 a	 transient	 metallic	 phase.	 One	 can	 then	 imagine	 that	relaxation	 back	 to	 the	 ground	 state	 may	 involve	 barrier	 crossing,	 nucleation	 and	growth.	 Precise	 details	 of	 such	 a	 mechanism	 await	 development	 of	 a	 clearer	microscopic	picture	of	 the	ways	 in	which	the	competing	electronic	phases	coexist	 in	the	context	of	the	dimorphic	structure.		In	 summary,	 we	 have	 reported	 the	 transient	 THz	 conductivity	 of	 BaPb1−xBixO3	 at	different	 doping	 levels	 and	 temperatures	 after	 photo-excitation	 across	 the	 charge-density-wave	band.	 In	BaBiO3	and	 in	 the	 low-temperature	regime	of	BaPb0.72Bi0.28O3	we	 measured	 a	 temperature-independent	 relaxation	 dynamics,	 consistent	 with	 a	
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scenario	of	transient	photo-carriers	pumped	across	the	semiconducting	gap	of	a	rigid	CDW.	For	the	doped	compound	this	observation	adds	weight	to	previous	arguments	suggesting	 the	 existence	 of	 short	 range	 CDW	 correlations	 in	 this	 part	 of	 the	 phase	diagram.	A	qualitatively	different	behavior	was	observed	instead	in	BaPb0.72Bi0.28O3	at	higher	temperatures	(T ≳	40	K),	where	the	photo-conductivity	relaxation	showed	the	expected	 kinetic	 behavior	 for	 a	 transition	 between	 two	 distinct	 thermodynamic	phases	separated	by	a	 free	energy	barrier	of	3.5	meV	≃	40	K.	This	universal	energy	scale,	 which	 regulates	 the	 relaxation	 kinetics	 of	 underdoped	 BPBO,	 is	 surprisingly	close	 to	 the	 superconducting	 transition	 temperature	 of	 the	 related	 Ba1-xKxBiO3	compound,	 an	 observation	 which	 opens	 up	 new	 perspectives	 on	 the	 nature	 of	 the	interplay	 between	 superconductivity	 and	 CDW	 formation	 in	 the	 bismuthate	superconductors.			
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